The electro-optic effect in helical ferroelectric liquid crystal deformed by transverse electric field is exploited to realize a diffraction-based light modulator. Experiments show that a contrast ratio better than 100:1 is easily achievable for the short-pitch liquid crystal aligned homeotropically with oblique readout breaking the initial symmetrical geometry. The modulation obtains low polarization sensitivity for selected directions of the readout. © 1998 American Institute of Physics.
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Most liquid-crystal displays ͑LCD͒ include a polarizeranalyzer pair, therefore, lacking light efficiency. Polymerdispersed LC 1,2 and nematic LC based diffraction modulation elements [3] [4] [5] have been investigated as light-efficient replacements to current LCD, but often their response is not fast enough. The electro-optic effect in surface-stabilized ferroelectric LC ͑SSFLC͒ shows fast response, 6 however, SSFLC is sensitive to surface treatment and exhibits a binary response. Electro-optic effects based on the deformation of the twisted planar FLC structure 7 and deformation of short helical FLC, 8 including deformation in transverse electrooptic ͑EO͒ geometry, 9 provide high-speed and natural grayscale response to light modulators. The second geometry also provides an optically isotropic transparent initial ͑unper-turbed by electrical field͒ state due to breaking of the Mauguin limit for light propagating along the helical axis of FLC. ͑This limit is ⌬nz 0 ӷ, where z 0 is the helix pitch, the wavelength of light, and ⌬n is an optical anisotropy.͒ These properties are useful for the diffraction mode of the light modulation. In this mode each pixel of the light modulator ͑display͒ is patterned ͑spatially modulated with a period d͒. Patterned electrodes create periodical deformation of LC under an applied voltage. This deformation leads to the FLC optical changes and eventually to the diffraction of light. The change in applied voltage leads to a redistribution of the light power between diffraction orders. In diffraction modulation only some of these orders are used and the redistribution of light gives rise to the amplitude contrast change at the output. At the main diffraction angle ⌰ given by d sin ⌰ϭ, diffraction on the FLC pattern coexists with the permanent ͑regardless of the applied voltage͒ diffraction on the patterned electrodes, which deteriorates the contrast ratio of modulation. However, the readout can be clean from the electrodes' diffraction and gives improved contrast if the LC deformation and electrodes' pattern have different spatial periods. In this case, the electrodes and LC diffract the light at different angles and the useful part can be separated. The deformation of the FLC helix in transverse field realizes the needed deformation. Electro-optic properties of FLC and diffraction modulation in this geometry are investigated in this study.
The liquid crystal used in this work was FLC8823 ͑from ROLIC͒. It has a short helical pitch z 0 ͑near 300 nm͒ and is aligned homeotropically ͑smectic layers are parallel to the LC cell substrates͒. The tilt angle of the FLC molecules in the smectic layer sm was about 27°at room temperature. Spontaneous polarization P s and the unwinding electrical field E c were 100 nC/cm 2 and 1.3 V/m, respectively. The optical anisotropy ⌬n in the unwound state was 0.16. A diode laser with a wavelength of 630 nm was used as a readout light source. Figure 1 shows schematically the geometry of the experimental cell and the variants of the readout geometry, as commented below. The thickness of the FLC layer L was about 3-4 m. The FLC cell was controlled by applying voltage to the interdigital electrode system ͑IDS͒. The gap between electrodes was 17 m with period d equal to 37 m. Under the applied voltage, the helical structure of FLC is deformed by the transverse electrical field. 9 The mechanism of deformation is similar to the deformed helix ferroelectric effect ͑DHF͒. , ⌬⑀ ϳ1 -100, Eϳ10 6 V/m ͑i.e., P s ӷ⑀ 0 ⌬⑀E), the temporal dependence and the second term in the right-hand side of Eq. ͑1͒ can be omitted. Within the small deformation approximation for the short-pitch FLC in transverse geometry the solution for Eq. ͑1͒ becomes z/z 0 Ϸ/2ϩz 0 2 P s E sin /8 3 K. The optical properties of the deformed FLC can be described [10] [11] [12] with the help of the averaged index ellipsoid rotated by an angle ␣ with respect to the helix axis. For small deformations and small values of sm , analytical calculations 12 gave the value of ␣ϳ s E/3E c , where E c ϭ 4 K/4z 0 2 P s is the unwinding field. For the discussed geometry, we estimated the phase-shift ⌬⌽ for normal incidence of the readout light to be 0.7
For a readout at an angle ⌰у␣, the phase shift becomes larger by a factor 2⌰/␣ and becomes linearly dependent on the electric field:
Assuming L/Ϸ10, E/E c ϭ0.4, and sm of 30°, this estimation gives a phase shift of 0.02 rad for normal incidence and 0.4 rad for readout at ⌰ϳ30°. For comparison, the value of the phase shift calculated from diffraction efficiency ͑near 2% under 7-8 V͒ is 0.3 rad for readout at an angle of 30°.
Due to the polar nature of the electro-optic effect, the FLC deformation has the same spatial period as the electric field, which is twice that of the electrodes' period. In spite of this fact, the normal incident readout light cannot distinguish between the FLC areas with opposite directions of the electric field due to the symmetrical geometry. In a diffraction modulation optical setup ͑e.g., see Fig. 1 in Ref. 3͒ the diffraction occurs only at angles determined by the electrodes' period. Applying a voltage changes the intensity of diffraction orders without modifying the general spatial structure of the diffraction pattern for the normal readout. As a result, permanent diffraction on the electrode pattern restricts the contrast to 15:1 ͑the ratio of transmitted light powers for FLC cell connected/disconnected to the voltage͒. This symmetry does not exist for an oblique readout in the plane parallel to the electrodes' stripes. Under the voltage the FLC axis is inclined depending on the polarity of this voltage. In this case, in some areas the readout light propagates closer to the FLC axis than in the areas with opposite direction to the electric field. These areas alternate in IDS. The light gets a different phase shift in these areas and obtains a spatial modulation period twice that of the IDS. Eventually, the additional ͑''new''͒ diffraction orders arise in the middle between every N and Nϩ1 diffraction orders ͑those created by IDS͒, i.e., at the spatial frequency two times lower than that of the IDS. The broken symmetry was also demonstrated by different transparencies of the areas with different direction of the electric field under oblique illumination between crossed polarizers.
The observed fact was exploited for diffraction modulation. A diaphragm of 2 mm in diameter was placed at the ''new'' first order. A contrast of more than 100:1 was obtained. In principle, a diffraction setup can provide a light yield of more than 70% of the input flux. 13 In these experiments the light efficiency was restricted by the FLC thickness and value of the electric field ͑up to 4ϫ10 5 V/m, that is, 0.3ϫ of the unwinding field͒. For a given thickness the maximal phase shift in FLC is estimated as /4, while maximum efficiency can be achieved for the phase shift of /2, i.e., for the cell thickness of 10 m. Nonetheless, due to the absence of the analyzer, we measured a light efficiency two times higher than for the induced birefringence modulation with the same experimental FLC cell between crossed polarizers. In spite of the principal dependence on the readout light wavelength, the diffraction modulation can be made achromatic. For a nonmonochromatic light source, the filtering diaphragm could cover the whole diffraction band created by the beams of different colors and of the same diffraction order number. It is possible to keep the high contrast of modulation avoiding the overlapping bands created by diffraction on the IDS and by the FLC pattern. This is easily accomplished for visible light ͑400-700 nm͒ for the lower diffraction orders.
Measurements for the geometry when the plane of incidence is parallel to the electrodes ͑left side of Fig. 1͒ showed an essential dependence of the optical response on the incident angle. This angle dependence ͑Fig. 2͒ fits the expectation based on Eq. ͑2͒. Dynamic properties of FLC were inspected in order to provide better characterization of the discussed technique for display applications. The cutoff frequency F c Ϸ␥z 0 2 /4K 2 ͑at which the optical response drops by a factor of 2͒ of 2.5-4 kHz ͑at 2-7 V͒ is close to the data by ROLIC for the DHF effect. This value seems to be sufficient for current displays.
Measurements were also made for light incidence perpendicular to the electrodes' stripes ͑geometry on the righthand side of Fig. 1͒ . The presence of a response for this direction means that areas with opposite directions of the electrical field in IDS are optically distinguishable in this geometry. The existence of transition regions ͑placed in the vicinity of electrodes and in their width comparable with the IDS period͒ between two FLC volumes unwound by the   FIG. 2 . Dependence of the response on the incidence readout angle ⌰ ͑dark squares͒ and its polarization dependence on angle ⌽ ͑open squares͒ for the plane of incidence parallel to the electrodes ͑corresponds to the left part of Fig. 1͒ . Experimental data are approximated by sin 2 dependencies. The applied voltage was 9 V. electric field can probably explain this fact. The width of the transition zone is 30-40 m for the homeotropic alignment of the short-pitch FLC. 9 In this zone the axis of the deformed FLC gradually turns from the direction prevailing in one interelectrode gap to a direction in the neighboring gap with opposite electric field. Having a spatial period twice that of the electrodes, these areas contribute to the diffraction at the chosen angle under oblique illumination.
Measurements showed that the response in this geometry is almost four times lower compared to the previous geometry for the same applied voltage. The smaller area of FLC contributing to the response ͑only near-electrodes' zones instead of whole interelectrodes' gap͒ leads to the lower value of the response. The observed increase in the cutoff frequency ͑near 10 kHz instead of 2.5-4 kHz measured for the previous geometry͒ for temporal dependence is due to a larger electric field and a larger interaction with the surface in near-electrode areas where these zones are present. The response had no clear dependence on the polarization for this direction of the readout ͑see Fig. 3͒ . This weak polarization dependence is possibly due to a spatial deformation of the FLC helix in the transition zones resulting in a change of both components of optical index for corresponding components of the readout light polarization. The feature of low polarization dependence can be extremely useful for display applications.
In conclusion, the transverse EO effect in deformed helix FLC was applied for the diffraction modulation in displays and spatial light modulators. It provided fast gray-scale response with high contrast ͑realized in our experiments to be more than 100:1͒. The oblique readout was essential to achieve such a contrast in a modulator based on short-pitch hometropically aligned FLC.
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